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CAICULATED CONDENSER PERFORMANCE FOR A STEAM-TURBIWE
POWER PLANT FOR ATRCRAFT

By Leroy V. Humble, and Ronald B. Doyle

SUMMARY

As part of an investlgation of the application of nuclear
ensrgy to aircraft, calculatlons have been made to determine the
effect of several operating conditions on the performance of
condensers for steam-turbine power plants. The analysis covered
a range of turbine-inlet pressures from 1000 to 1800 pounds per
square inch absolute and turbine-outlet pressures from 10 to
200 pounds per square inch absolute for various condenser cooling-
alr pressure drops, flight speeds, and sltitudes. Some calcula-
tlons were made to determine the advlsabllity of using a cooling
fan in conJunction with the steam condenser.

A rough estimate of the total power-plant welght including
propeller but excluding reactor is included along with values of
the ratio of disposable load {load-carrying capacity) to alrplene
gross welght for a steam-turblne-powered aircraft at ome set of
turbine operating conditlons and two flight conditions.

At & turbine-inlet pressure of 1400 pounds per square linch
absolute and a turbine-inlet temperature of 866° F, the minimum
specific condenser welght was 257 pounds per 1000 net thrust
horasepower and the minimum specific condenser frontal area was
16.7 square feet per 1000 net thrust horsepower. These values
cccurred at s turbine-outlet pressure of 100 pounds per square
inch sbsolute, a flight speed of 500 miles per hour, and an
altitude of about 15,000 feet.

INTRODUCTION

One possible method of application of nuclear energy to alrcraft
propulsion lg the use of a nuclear reactor as the heat source in a
gteam-turbine power plant. Aside from reactor considerations, the
condenser, due to 1ts excessive size and intermal drag power, presents
an important problem in the use of such a system.
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The results of an analysis to determine the effect of steam-~cycle
operating condltions, coollng-alr pressure drop, altlitude, and flight
speed on the frontel area, weight, and dinternal drag of the condenser
are reported. The analysis covers a range of turbine-inlet pressures,
turbine-outlet pressures, coollng-air pressure drops, altltudes, and

flight speeds,

An estimate of the total power-plant welght, excluding the
welght of the nuclear reactor, was made for one set of turbine
operating condltions and two flight conditions and was used to cal-
culate the percentage of the gross welght of the airplane that would
be availasble for cerrying the reactor and cargo.

Condenser computations were based on an aluminum heat exchanger
of the aircraft fin-and-tube type. Heat-dlssipation rates and scme
cooling-alr pressure-drop date were obtalned from charts supplied
by the heat-exchenger menufa¢turer.

METHODS OF ANALYSIS

The power plant wes consldered to conslst of a nuclear-reactor
boller, a steam turbine, an alr-cooled condenser, and the necessary
pumps, valves, and plping. The boller feed pump was assumed to be
driven directly by the turbine and the net shaft power delivered to
a propeller.

Calculations were made to determine the effect of steam-cycle
operating conditlons, ratlco of cooling-air static-pressure drop to
coampressible dvnsmic pressure (Ap/q), altitude, and flight speed
on condenser size and internal drag power. Scme addlitional calcu-~
lations were made to determine the effect of a coolling fan on
condenser performance.

Calculatiuvns were made for two flight conditions to determine
what percentage of the gross weight of a steam-turblne-powered air-
plane would be avallable for disposable load, that 1s, for the
nucleaer reactor and ceargo.

The calculations covered a range of turbine-outlet pressures
from 10 to 200 pounds per square inch absolute and & range of
Ap/q from 0.10 to 0.60 at turbine-inlet presswres of 1000, 1400,
and 1800 pounds per squeare inch absolute for a flight speed of
500 miles per hour and an eltitude of 30,000 feet. For each cam-
binetion of turbine-inlet and turbine-outlet pressure, a turbine-
inlet temperature was selected that would give saturated steam
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(L00-percent quality) at the turbine outlet. A range of flight
speeds from 100 to 500 miles per hour was investigated at altitudes
of sea-level, 15,000, and 30,000 feet for turblne-inlet and bturbine-
outlet pressures of 1400 and 100 pounds per square inch sbsolute,
respectively.

For all calculatlons except those involving power-plant-welght
estlmates, the steam rate was adjusted to give 1000 net ehaft horse-
power from the turbine with an adlabetic efficiency of 85 percent.
The 1000 horsepower was then supplied to a propeller having en
efficlency of 85 percent.

Condenser celculations were bazsed on ean aircraft fin-and-tube-
type heat exchanger memmfactured by Harrlson Radlator Division,
General Motors Corporation having & core welght, Including tube
headers but excluding inlet and outlet steam tanks, of 15.4 pounds
per square foot of core frontal area. Several core configurations
for the fin-and-tube-type construction were investigated and the
exchanger with the core structure, shown schematically in figure 1,
was found to glve the hest performance, Heat-dissipation rates
were detexrmined from charts supplied by the heat-exchanger manu-
facturer, Cooling-air pressure drops were determined from the
manufacturerts charts modified to account for the effects of alti-
tude and higher heat loading.

For a given heat rejection to the cooling air by the condenser
and cooling-alir pressure drop, the required condenser frontal aresa
and welght and the welght flow of cooling alr were determined from
the modified charts. The internal drag power of the condenser was
then calculeted from the change In momentum of the cooling air.

The net thrust power wes teken as the algebralc difference between
the propeller thrust power (product of turbilne power and propeller
efficlency) endi the internsl drag power of the condenser. Specific
condenser weight and frontsl area were then computed from the net
thrust power end the welght and frontal erea of the condenser.

The calculations of disposable load, which were based on
5000 net shaft horsepower from the turbine, involved the deter-
mination of the necelle drag power and an estimation of the total
power-plant welght including propeller, engline mountings, air
ducting, and controls. A lift-to-drag ratio of 18 for the alr-
plane without nacelles and a ratio of structural welght to gross
welght of 0.4 were &sssumed. One caiculation was made assuming the
condenser to be so installed in the wings that no condenser extermal
drag was involved and another calculation was made for the condenser
enclosed in a nacelle,

o RNSITENTTE
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Army stendard air (99° F at sea level) was used for all calou-
lations. Detalls of the calculatione are presented in the appendix,

RESULTS ARD DISCUSSION

Steam-cycle performence. - The effect of turbine-outlet pres-
sure on oycle efflclency, ateam rate, turbine-inlet temperature,
reactor-heat input, heat rejected by condenser, and turbine-~cutlet
temperature 1s shown in figure 2 for a net turbine horsepower of
1000 and a turblne efflclency of 85 percent at turbine-inlet pres-
sures of 1000, 1400, and 1800 pourds per square inch absolute.
Turbine~inlet temperatures were selected to give satureted steam
of 100-percent quality at the turbine outlet.

As the ocutlet pressure lncreases amd the inlet pressure decreases,
the cycle efficlency decreases; the steam rate, the reactor-heat input,
and the condenser heat reJjection increase. The lncreases in reactor-
heat input ard condenser heat rejectlon are due to the decrease in
cycle efflciency and the attendant increases in steam raite required
to mairtain constant turbine output.

Effect of turblne-outlet pressure on condenser performance.
The effect of turbine-outlet pressure on net thrust power, condenser
weight and fromtal area, specific condenser weight (1b/1000 net
thrust hp), and specific condenser frontal area (sgq ft/1000 net
thrust hp) 1s shown in figure 3 for turbine-inlet pressures of
1000, 1400, and 1800 poundse per squeare inch absolute, values of
Ap/q of 0.20, 0.40, and 0.60, and 1000 turbine horsepower.

As the outlet pressure is increased from ite minimum value of
10 pounds per square Iinch, the condenser weight and frontal area
show an initial decrease followed by an increasse, with the minimum
values ococurring at an outlet pressure of about 40 pounds per square
inch absolute. The condenser frontal area and welght are directly
proportional to the heat to be removed by the condenser Q, end
Inversely proportionel tc the initlal temperature difference AT
between the condensing steam and the entering cocoling air. In the
low outlet-pressure renge, AT; increases more rapldly than Qg;
hence, there 1s an initial decreese in condenser area. Above an
outlet pressure of about 40 pounds per sgquare inch abasolute, however,

increases more rapidly than ATy and the area must also increase.
The required frontal area decreases with increasing linlet pressure
owing to the attendant decrease in heat rejection. (See fig. 2.)

- A
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The net thrust power increeses with outlet pressure for most
combinations of inlet pressure and Ap/q_. The exceptions are at a
Ap/q of 0.80 at inlet pressures of 1000 and 1400 pounds per square
inch absolute where the net thrust power reaches & maximum velue
and then decreases as the outlet pressure ls further increased from
its minimm value. (See fig. 3(c).) The changes in net thrust
power eare due to the combined effects of increased steam tempera-
ture and heat rejectlon on the cooling-alr flow and temperature
rise and hence on internsl drag power (Meredith effect).

Net thrust power increases wlth Increaesing turbine-inlet pres-
sure except at high turblne-outlet pressures for a Ap/q_ of 0.20.
(See fig. 3(a).) At constant outlet pressure, esnd hence constant
outlet steem temperature, & decrease ln inlet pressure increases
the heat rejection and thus increases the regulred condsenser size
and total cooling-alr flow. For most cases, this result means an
increase in internel drag power with & consequent decrease in net
thrust power. At a Apf/q of 0.20 and high outlet pressures,
however, the condenser has negetive internal drag (thrust) and the
Increase in cooling-alr flow resulbting fram the decreased turblne-
inlet pressure Iincresses thls thrust end hence the net power. It
may be noted that the propeller thrust horsepower 1s 850
(0.85 x 1000), and therefore condenser thrust end drag powers are
the difference hetween values of net thrust power from the dsta
figures and 850; positive values of the dlifference indicate thrust
and negative values indicate drag.

Specific condenser weight and specific condenser frontal area
have a minimum poinbt at turbine-outlet pressures between approxi-
metely 30 and 100 poundis per square inch absolute for the range of
inlet pressures and Ap/q investigated. Minimum specific weights
and ereas occur at the mexImum inlet pressure.

Although low turblne-ocutlet pressures are gemerally considered
desirable in steam work as far as efflclency ls concermed, in an
alrcraft instellation low ocutlet pressures with the attendant low
steam temperatures (low initial temperature differences ATi)
result in excesslve condenser gize. The decrease Iin steesm~cycle
officiency sttenilng operatlon at high outlet pressures 1ls partly
campensated for in aircraft Installations by the decressed internal
drag or, for some cages, by the lncreased thrust developed by the
condenser as a result of the greater heat dlssipation. Furthermore,
cperation at high outlet pressures would be advantageous fram the
considerstlon of decreassed turbine weight.
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Bffect of cooling-air pressure drop on condenser performance. -
The varlation of net thrust power, condenser weight and frontal ares,
and specific condenser weight and frontal area with Ap/q is
shown 1n figure 4 (e cross-plot of fig. 3) for turbine-inlet pres-
sures of 1000, 1400, and 1800 pounds per square Ilnch absolute and
a turbine-ocutlet pregsure of 100 pounds per square inch absolute.

The ccndenser welght and frontal area decrease with lincrsasing
Ap/a inssmuch as the required erea is less at the higher pressure
drops. The net thrust horsepower alsc decreases with Iincreasing
Ap/q due to the increese in internsl drag power.

The speclfic condenser welight andi frontal area have minimum
values at & Ap/q of about 0.30 at all turbine-inlet pressures for
the flight speed end altitude shown. The values of Ap/q corre-
sponding to minimum values of specific condenser welght and frontal
© area vary somewhat with flight speed and eliitudse, 28 will be seen
in a subsequent figure.

Effect of turbine-inlet temperature on condenser performance. -
The variation of net thrust power, condenser welght and frontal area,
and specific condenser weight and frontal erea with turblne-iniet tempera-
ture 1s shown in figure 5. The curves &re for a turbine~-inlet pres-
sure of 1400 pounds per square Inclt absolute, a turbine-outlet pres-
sure of 100 pounds per squere inch absolute, a Ap/a of 0.30, and a
turbine horeepower of 1000. A line a-b 18 drawn through a tempera—
ture of 866° F, the turbine-inlet temperature that will give satu-
rated steam (lGO-percent gquality) at the turbine ocutlet for the
turbine-inlet and turbine-outlet pressures consldered. Any tempera-
ture ebove 866° F will result in superheated steam at the turbine
outlet.

Superheating to turbine-inlet temperatures higher than those -
required to give satursated steam at the turbine outlet resulie in
an incresse 1n steem-cycle efficlency and in work available per
pound of steam with the result that for constent turbdine horse-
power the steam flow is decreased. Although the heat rejected by
the condenser per pound of steam Increases, the total heat that
must be removed by the condenser is decreased. Also, the higher
turbine-outlet (condenser-inlet) steam temperature increases the
initial temperature difference between the steam and the cooling
air. The reduced hest rejection and the higher initlal temperature
difference act to decreasse the condenser frontal ares and welght.
The foregolng effects are offset to some extent by the fact that
the heat-transfer coefficlent for cooling superhested steam 1s con-
siderably smaller than for cormdensing steam with the result that

83
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the surface ares and, hence, frontal area required for cooling the
steam 18 propor‘biona:bely larger. A reduction in specific condenser
welght and frontal area of about 8 percent is obtalned by Increassing
the turbine-inlet tempereture fram 866° to 1600° F.

These results were obtalned assuming the same exchanger core
structure to be used for the cooling as for the comdensing processa.
A scmewhet greater reduction in specific condenser frontal srea
and a slightly greater reductlon in specific condenser weight with
increasing turbine-inlet temperature may possibly be obtalned by
using an exchanger speclflcally designed for the steam-cooling
process.

Effect of flight speed and altltude on condenser performance. -
The effect of flight speed on net thrust horsepower, specific con-
denser welght, and speciflc condenser frontal area for verlous
cordenser welghts ani frontal areas at altltudes of sea-level,
15,000, and 30,000 feet 1s shown In figure 6. The twrbine-inlet
pressure ls 1400 pounds per square inch absclubte, the turbine-
outlet pressure is 100 pounds per square inch absolute, the
turbine-inlet temperature is 866° F, and the turbine horsepower
is 1000, Also shown on these curves are lines of constemt Ap/q.
The lines of required pressure drop eguel to maximum avelilable
pressure drop merk the limlting flight speeds below which the
condensers will not disslpate the required amount of heat.

In general, for constant altltude and condenser weight and
frontel area, the net thrust power increases and the speciflc
condenser welght and frontal aree decrease with increasing flight
apeed. The effect of P£light speed decreases as the altltude decreases
and at sea level the curves for net thrust power and specific weight
and frontal ares are reletively lnsemnsltlive to changes in flight
speed. The highest net thrust powers ere obtained wilith the largest
condensers at all altitudes becasuse the required pressure drops
and, hence, the internsl drag power losses are less. The condenser
welght and ‘frontal area for minimum specific welght and frontal
area Iincreases slightly with increasing altitude; however, the
13.0-square-foot condenser is approximstely the 6p'bimm, on the
basie of specific welght, for the range of altltudes and flight
speeds investigated. The curve for the 9.7-square-foot condenser
was amitted from figure 6(c) (altitude, 30,000 ft) because of the
extremely high specific condenser weight and specific frontal area.

Figure 6 shows, as prevliously mentloned, that the values of

Ap/q_ corresponﬁ.ing to minimum values of specific condenser welght
and frontal area veary with flight speed and altitude. For consbtant

GEEEIITRETEY |
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altitude, the value of Ap/q ocorresponding to minimum specific con-
denser weilght and frontal area tends to increase as flight speed 1s
decreased. Comparison of figures 8(a), 6(b), and 6(c) shows that
for oconstant flight speed the value of Ap/q for minimum specific
welght and area increeses as the altitude 1s increassed,

The verlation of net thrust horsepower with flight speed end
altitude for the condenser weighing 200 pounds and having a frontal
area of 13.0 sguare feet 1s shown as a three-dimensional plot in
figure 7. The line ea~b indicates the cambinations of altitude
and flight speed for which the required pressure drop equals the
maximum avallable pressure drop. At sea level, the mlinimum speed
1s about 185 miles per hour; the power plant would therefore have
to be coperated partly noncondensing in take~off until this minimum
gpeed is reached,

The meximum point on the surface c¢-d-e-f Indicates the speed
and altitude at which meximm net thrust power and hence, minimum
speclflc welght and minimum specific frontal area occur. A minimm
apecific welght of 257 pounds and a minimum specific frontael area
of 16.7 square feet ococur at an altitude of about 15,000 feet and
a flight speed of 500 mlles per hour. This frontal area 1ls large
compared to that required for a radiator for a conventional liquid-
cooled aircraft engine (about 1.5 sg £t/1000 hp).

Effect of cooling fan on condenser performesnce. - The effect
of a cooling fan on condenser performance 1is shown In figure 8
vhere net thrust horsepower, specific condenser weight, and specific
condenser frontal ares are plotted asgainst APp/q (ratio of total
pressure rise across the fan to compressible dynamic pressure at
the assumed altitude and speed) for various condenser weights and
frontal areas at & flight speed of 500 miles per hour and an alti-
tude of 30,000 feet. The line APg/q = O represents the case
where no fan ies used.

For éach of the condensers considered, the net thrust power
hag s meximum value and the specific condenser weight and aresa
have minimun velues when APp/q 1s between 0.5 and 1.0. The
curves indicate cnly & small Improvement in performance by the
addition of a fan except for the 9.7-square-foot condenser.
Although the Improvement in performance of this condenser 1s large,
its best performance is considerably poorer than the largsr con-~
densers with no fan.
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The effect of & fan on condenser performance 1s shown 1n fig-
ure 9 for a 19.5-sguere-foot condenser at thrse altltudes at a
flight speed of 500 miles per hour and at an altitude of 30,000 fest
end & flight espeed of 300 mlles per hour. Figure & shows that the
improvements 1n performance obtainable with a cooling fan are even
smeller at the lower altltudes and only slightly greater at the
lower flight speed.

The mexjmum decrease in specific weight and specific frontal
area of the condenser with the most effective size (13.0 sq £t)
that can be obteined by use of a fan is gbout 11 percent.

(see fig. 8.) 1In view of the amall gains in condenser performence,
the additionel weight of the fan, and the complexitles of the
installation, a fan is probably undesirable for this type of
systen,

Effect of turbine-outlet pressure on over-all efficlenscy. -
The variation of over-all efficlency, defined as the dimensionless
ratio of net thrust power minus nacelle drag power to resctor-heat
input, is probebly of greater lmportance than the previocusly dis-
cusgsed varlation of specific condenser welght and frontal area.
If the reactor weight le the principal consideratlion, then with
the reactor operating at lts meximum heat-release rate, maximum
net thrust power per unit weight of the system wlll be obtalned
at meximum over-all efficlency.

The effect of turbine-ocutlet pressure on over-all efficlency
is shown in figure 10 for variocus turblne-inlet pressures and
values of ﬁp/q. The over-all efflclency decreeses with incrsasing
outlet pressure except at high values of Ap/q, where 1t hes a
maximum at outlet pressures between 40 and 80 pounds per sguere
inch absolute. As previously mentioned, the most effectlve
operating outlet pressure from considerstions of specific con-
denser weight and frontal area is hetween spproximately 30 and
100 pournds per squere inch absolute. (See fig. 3.) The curves
of over-all efficiency amd speclfic condenser weight and fromtal
ares at values of Ap/q of 0.20 and 0.40 are relatively flat in
this region of turbine-outlet pressure; hemce, it appears that the
most desirable operating conditions from consideretlons of optimum
utilizetion of the reactor mey occur close to the optimum cperating
conditions for the condenser.

Because of the relatlve effects of condenser internal and
external dreg, the over-all efficiency (at constant values of
turbine-inlet and turbine-cutlet conditions) passes through a
meximum at some value of Ap/q, which depends on flight speed
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ard altitude. For the flight conditions shown, the meximum velues
of over-all efficlency occur at & value of Ap/q of about 0.20 for
all turbine-inlet and turbine-outlet pressures.

Power-plant-welight estimates. - Welght estimates indicate that
for a turbine operating at an inlet pressure of 1400 pounds per
square inch absoclute, an outlet pressure of 100 pounds per sgquare
inch absolute, en inlet temperabure of 866° F, and a power output
of 5000 horsepower the total power-plant weight including propeller
but excluding reactor and working fluld would be 5460 pounds at a
flight speed of 500 miles per hour end an altitude of 30,000 feet.
(See the appendix for a discussion of the weight breakdown.) This
welght would correspond to specific welghts of 1.09 pourds per
turbine horsepower, 1.59 pounds per net thrust horsepower with the
condenser submerged in the wings (no external nacelle drag), and
2.55 pounds per net thrust horsepower with the condenser in a
nacelle. At a flight speed of 300 mlles per hour and an altitude
of 15,000 feet, the power-plant weight would be 5870 pounds
(owing to a heavier propeller) and the corresponding specific
welghts would be 1.17, 1.74, and 1.97 pounds per horsepower,
respectively.

For the condenser enclosed in a nacelle, the ratic of dispos-
able load to gross welght of the airplane would be 0.4l for a
flight speed of 500 miles per hour and an altitude of 30,000 feet.
If the condenser could be so installed 1n the wings a8 to eliminste
external drag, this value could be raised to 0.48. In other words,
a welght-carrying capacity equal to 41 to 48 percent of the groas
welght of the airplane would be avallable for a nuclear reactor,
working fluld, and cargo; or conversely, the gross weight of an
alrplene with a nuclear-energy steam-turblne power plant would be

about 2 to 2% times the welght of the reactor, working fluid, and
cargo.

For the same condenser and operating conditicns but at e flight
speed of 300 mlles per howr amd an altlitude of 15,000 feet, the
values of the ratic of dlsposable lcad to gross welght for*the cases
of the condenser in & nacelle and the condenser submerged would be
0.51 and 0.52, respectively.

SUMMARY OF RESULTS

The results of calculations of the performance of condensers
for a nuclear-energy steam-turbine power plant for ailrcraft may be
sumearized as follows:

.
Y

- .. .
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1. Minimum specific condenser weights and specific frontal
areas occurred at turbine-outlet pressures between approximately
30 and 100 pounds per squere inch sgbsolute for inlet pressures
of 1000, 1400, and 1800 pounds per square inch absolute and cooling-
air pressure drops of 20 to 60 percent of the campressible dynemic
pressure. '

2. At a turblne-1nlet pressure of 1400 pounds per squere linch
gbsolute and a turbine-inlet temperature of 866° F, the minimum
specific condenser welght was 257 pounds per 1000 net thrust horse-
power and the minimum speciflic condenser frontal area was 16.7 square
feet per 1000 net thrust horsepower. These values occurred st a
turbine~outlet pressure of 100 pounds per squere inch absolute, a
flight spsed of 500 miles per hour, and en altitude of aboutb
15,000 feet.

3. Relatively small Improvement in condenser performance can
be obtained by increasing the turbine-inlet temperature ahove that
required to give saturated steam at the Turblne outlet.

4. A decrease in specific condenser welght and frontel area
of about 11 percent may be obtained at an altitude of 30,000 feet
and an airplane velocliy of 500 miles per hour by rlacing & cooling
fan ehead of the comdenser. The greatest gains in performance with
a fan were obtained at the highest altitude investligated. In view
of the edditlional welght of the fan and the lnstallstion complexities,
the improvements in performsnce cobtalned by use of the fan are
probably insignlficent.

5. A welght estimate based on a turbine output of 5000 horse-
power at a flight speed of 500 miles per hour and an altitude of
30,000 feet indicated that the specific welghts of the Installed
power plent excluding the reactor would be 1.09 pounds per turbine °
horsepower, 1.59 pounds per net thrust horsepower wlth condenser
submerged in the wings (no external condenser drag), and 2.55 pounds
per net thrust horsepower wlth condenser enclosed in & nacelle.
Calculations based on this welght estimate indicate that a welght-
carrying capacity equal to 41 percent (condenser in nsascelle) to
48 percent {condenser in wing) of the gross weight of a steam-turbine-
powered elrcraft would be availaeble for carrylng the nuclear reactor
and ceargo.

Flight Propulision Research Laboratory,
National Advisory Camlitee for Aeronsutics,
Cleyeland, Ohio.
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APPENDIX - DETATLS OF METHOD OF CALCULATION

Steam-cycle calculations, - The cycle 1s shown on enthalpy-
entropy (HE - S8) coordinates in figure 11. A pump raises the water
pressure from the turbine-outlet pressure P, to the turbine-inlet
pressure P; along line a-b in figure 11. The water 1s warmed,
evaporeted, and superheated in the boller along line b-c to the
turbine-inlet temperature (point ¢)}. Steam at the conditions
represented by point ¢ enters the turbine and expands to satura-
tion at the turbine-outlet pressure (point d). A condenser removes
the latent heat of the steam and discharges 1t as saturated liguid
et point a. Pressure drops of the working fiuld through the boiler
and the condenser were neglected. The enthalpy (and superheat) at
polnt ¢ was determined by trial and error and had & value such
that

H -H
(] d
-_-— = (0,85 (1)

H, - Hy'
vhere the subscripts refer to points on figure 1l1. That is, the
adilabatic efficliency of the turbine was 85 percent. The pumpling

work per pound of steam was taken as (P, - Py)v (where v is
the specific volume of the saturated liguid at Po).

For all calculations, the steam rate was adJusted to give
1000 shaft horsepower after the deduction of pumping power. The
required steam rate Wy in pounds per second for 1000 net sghaft
horsepower was therefore obtained from the following relation:

-1 W
[773 (Ec - Ha) - (P1 - B,) v E'gﬁ = 1000 (2)
where (H, - Hy) is in Btu per pound, (P; - P,) 1s in pounds per
square foot, and v 18 1n cublc feet per pound.

The reactor-heat input Q. (Btu/sec), the heat rejected to
the condenser Qg (Btu/sec), and the cycle efficiency Ne Were
obtalned by the following relations:

Q = Wg l:(Ho - Hg) - (Pg - B,) 717%] (3)
Qc = Wg (Hy -~ Hp) (4)
2 o oz ) - (7 - Fo) 75 )

oL
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The properties of the steam for thess calculatlons were cobtailned
from reference 1.

Condenser cooling-alr pressure drop. - Charts of heat dissipa-
tion and coollng-alr stetic-pressure drop egainst cooling-air flow
for the condenser were suppllied by the heat-exchanger menufacturer.
The investigations from which the data for these curves were obtalned
were mede at sea-level entrence condltions of cocoling-alr preasure
and temperature and with an initlal tempersature difference AT
between the condensing steam and cooling air of approximstely 100° F.
The heats dissipations given by the charts are valid for all entrance
conditions and Initial temperature differences. The variatlion of
heat dissipation in Btu per minute per 100° F of initilel temperature
difference with cooling-air flow in pounde per minute is shown in
figure 12 for a cordenser having & frontal area of 1 square foot.

The pressure drop required for a given flow of coollng air, however,
mey vary considerably wlth altitude, flight speed, and initial
temperature difference making 1t necessary to modify the experl-
mental curve Iin order to account for the effect of these varisbles.

The experimental curves were modified by calculating values
of the cooling-air &tatic-pressure drop acroas the condenser ¢Ap
{(product of the ratio ¢ of cooling-alr entrance density to NACA
stendard sea-level density and the static-pressure drop Ap) for
varioue eltitudes and heat loedings. The quantity ogAp was taken
&8s the sum of: (1) entrance loss; (2) velocity-profile loss;
(3) vena-contracta loss; (4) friction loss; (5) heat-exchange or
momentum loss; and (6) exit loss. Density changes at the entrance
and exlt sectlons were asaumed to be negligible and an average
density was used to calculate the friction loss. Wlth the assump-
tion thet the air-flow passages between the elongated tubes and
fins were rectangular channels (fig. 1) having an effective diameter
equal to four times the crosas-sectlonal area divided by the perimeter
the veriation of friction factor with Reynolds numbér wae calculated
using the cooling-alir pressure drops end corresponding air flows
from the manufacturer's experimental sea-level curves. These fric-~
tlon factors together with velocity and demnsity changes of the
cooling air 1n the condenser resulting from veriatlon in altitude
ani heat loading were then used to calculate the corresponding
pressure drops. The calculatlions were limited to turbulent flow
(approximate range of Reynolds mumber, 2000 to 20,000) ard to Mach
numbers in the condenser of less than 0.5.

2
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n

The variation of gAp with cooling-air flow ie shown in filg- ‘
ure 13. Curve A 18 the manufacturer's experimental curve for sea-
level entrance conditions and an 1lnitial temperature difference of
100° F, Curves B, C, D, and E are representative celculated
curves for an altitude of 30,000 feet, a flight speed of 500 mlles
per hour, and initial temperature differences of 100°, 200°, 300°,
and. 400° F, respectively.

8re

Condenser welight, frontal area, and internal drag. - A schematic
diagram of the condenser enclosed in & nacelle 18 shown in figure 14(a).
Army standard elr was assumed at station 0 shead of the necelle. The
total temperature at the face of the condemser, staetlon 1, was cal-
culated from the expression

\/

where

T; ‘totel temperature at condenser face, °R

ambient-air temperature, °R

flight gpeed, ft/sec ‘
acceleration due to gravity, 32.2 ft/sec®

mechanical equivalent of heat, 7%8 ft-1b/Btu

c specific heat of air at constent pressure, Btu/(1b)(°F)

P
The static pressure at the fece of the condenser was taken as
i A
Vol=vy -
Py = Pg 1+ TaTo i -1 €. +1 (7)
P 0
where

Py static pressure at condenser face, in. Hg absolute
Py eamblent-air pressure, in. Hg abasolute

vV, vVelocity at condenser face, ft/sec

ety -
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v 4 ratio of specific heats of air
€, diffuser pressure-rise recovery factor, (assumed to be 0.90)

The initlel temperature difference ATy between the steam and
the cooling air wes taken as T4 - Ty, vhere T, 1s the tempera-
ture of the steam in the condenser.

The relatvion between condenser frontal area, heat dissipation
rate, initial temperature difference, and heat removed from the
steam by the condenser is given by the following expression:

60 X 100 Q,

i (8)

where
A condenser frontel ares, sq ft
Q. heat removed from steam by condenser, Btu/sec

H. heat-dissipation rate, (Btu)/(min)(100° F AT;)(sq ft frontal
area)

The quantity H, is & function of the cooling-air flow (fig. 12),
which is & function of the pressure drop (fig. 13); hence, for given
values of (., ATy, and static-pressure drop OCAp, & value of H.
and therefore a corndenser frontal area may be determined. Also, if
the condenser frontal area A 1s known and Q. and ATy are gilven,
a value of H,. cen be calculated from equation (8) anmd the required
cooling-air flow and pressure drop determined from figures 12 and 13.
Inasmuch as the air flow given in figures 12 and 13 is for a l-square-
foot section, the air flow as obtained from these figures must be
multipllied by the total fronbtal area in order to obtaln a tobtal
welght flow of cooling air.

The tempereture rise of the cooling alr in passing through the
condenser AT, and the total temperature T; at the condenser exit
(station 2, £ig. 14(2)) are given by

Tz I=Tl+ATc=Tl+ (9)

ch

where W 1s the cooling-alr flow in pounds per seconi. The cor-
responding static temperature t; 1is given by
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Vo2
'bz = TZ - —ZE.-J.—(';; (lO)
vhere Vo, the velocity of the cooling alr at station 2, is obtained
from the continuity eguation. Thus
WR t,

T (1)

V'z=

where
R gas constant for air, £t-1b/(1b)(°F)
Pz condenser-outlet statlc presaure, 1b/sq £t absolute

The pressure pp was taken as the static pressure at station 1
minus the cooling-alr stetic-pressure drop. The essumption 1s mede
in equation (11) that the cross-sectional area at station 2 is the
same as the condenser frontal area. Equations (10) and (11) can be
combined to give a quadratlic equation for tp 1n terms of the known
quantities Tp, Pz, W, and A, The veloclty at the exit (station 3)
is then

21
2o \7 2
Vs =C ZSJGP tz 1l - -52- + Vz (12)
where C 18 an over-all velocity coefflcilent heving an assumed
value of 0.96 and the pressures are in 1nches of mercury absolute.

In the present study, neglliglble error was lntroduced by substi-
tuting Tp for t, 1in equations (11) end (12) in arder to simplify
the computations,

The internal drag horsepower hpz 1s

W (Vo - V3)
Pg = 550 g

(13)

The effect of a change in internal drag power 1is represented
through its effect on the net thrust horsepower hp,, which is
defined es
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where
hpy ‘twbine-shaft power (constent &t 1000 hp)
Mp propeller efficiency (constent at 0.85)

Effect of turbine-Iniet temperature. - In these caloulatlons
turblne-inlet temperatures above those required to give seturated
gteam at the turbine outlet were investigated. The cycle 1s repre-
sented in figure 11 by the path a-b-e-f-~a. For this case ths con~
denser must cool steam fram point £ +to poeint 4 1in addition to
the condensing proceass fram point 4 +to polnt a. Inasmuch as the
over-gll heat-transfer ccefficlent for cooling superheated steam is
considerably lower than for condensing steam, the heat-dilsslpation
curve (fig. 12) could not be used to determine the total required
frontal area. The size of the heat exchanger regulred to condense
the gteam was determined by the method previcusly outlined and en
over-all heat-transfer coefflclent based on the effective-air-side
surface area was calculated and used to determins the additional
area required to cool the steam from point £ +to point 4 (fig. 1l1).

Celoulation of the over-all heat-transfer coefficient U; for
cooling superheated steem Involved severel steps. The over-all
heat-transfer coefficient for condensing steam U; was first deter-
mined from figure 12, The film coefficlient on the steem side hg
was then calculated from equation (19), referemnce 2 (p. 269), for
film-type condensation on vertlcal swrfaces. When the reslstance
of the tube wall to heat flow is assumed to be negligible, the air-
side film coefficient h, may then be calculated from the relation

1 1 1
—_— o ———— g 15
Uy I‘hs’l- hy (15)

where r 18 the retio of steam-side surface area to effective-alr-
slde surface area. A steam-side f£llm coefficlent for coocllng steam
hs 2 was then determined by the method given in reference 3 and was
uséd in conjunction with hy fram equation (15) in order to calculate
the over-all heat-transfer coefficlent for cooling steam Us:

1 1 1
Uz Thgz 1By

The remainder of the calculatlon for Internal drag power and
net thrust power was the same as that outlined for the straight
condensing case.
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Condenser end cooling fan, - For these calculations,the fan
wvas agssumed to be mounted &t the face of the condenser, as shown
in figure 14(b). The total-temperature rise across the fan ATs
was calculated from the expression

r-1
Ty {/P 7
ATy = % (-iﬁ) S-1 (17)
"t \ By

Ty total temperature immediately ahead of fan, °R (calculated
from equation (6))

e adiebatic fan efficiency (assumed to be 0.85)
Py total pressure immedlately ahead of fan, in. Hg absolute
Pl,a. totel pressure at condenser face, in.Hg absclute

Celculations were made for a range of values of APg/q (ratio
of fan total-pressure rise to free-stream coampressible dynamic
pressure). The horsepowsr required to drive the fan hpe was
calcoculated fram the expression

Wde
hpp = ———E AT, (18)

The internal drag power was calculated from equation (13).

The turbine and fan were assumed to be cn the seme shaft and
the turbine power in excess of that required to drive the fan was
assumed to be transmitted to the propeller. The expression for
net thrust horsepower then becomes

Power-plant welght estimate. - Preliminary design calculstions
were mede for a steam bturbine delivering 5000 shaft horsepower at en
Inlet pressure of 1400 pounds per square inch absolute, an inlet
temperature of 866° F s, and an outlet pressure of 100 pounds per
square Iinch absolute. From the pltch dlameters and the number of
rotor diske, an esbtimate was made of rotor and stalor welghts
by assuming that these weights varied as the square of the diameter

s
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and using the welght and pitch dlsmeter of a current alrcraft rotor
and stator as & stenderd., Based on stress considerations, the total
turbine welight wes then increased to allow for the heavy casing
requlred &t the high operating pressure.

A condenser with e frontal area of 13 square feet and & welght
of 200 pounds, the performance of which ls shown in figure 6, was
used for this welght estimate. Inasmuch as all prevlious celcula-
tlons, including those mede for figure 6, were based on 1000 horse-
pover fram the steam turblne, it was necessary to multiply this
wvelght of 200 pounds by 5 to obtaln the proper value for a power
output of 5000 turbine horsepower.

A boiler feed-pump welght of 200 pounds was considered to be
sufficiently high, inasmuch as aircraft-type fuel pumps of the
required capacity operating at preassures up to 500 to 600 pounds
per square lnch ani weighing about 50 pounds are now avallable,

The weight of gearing between the turbine and the propeller
was assumed to be 0.2 pound per shaft horsepower, & velue con-
sigtent with reduction-gesr welghts of present turbine-propeller
engines.

The propeller welght 1s a scaled vaelue based on the assumption
that the welght varies with shaft power, altiltude, and fllight speed
and using the welght end power ebsorption of a typlcal ailrcraft
propeller as & base.

A breakdown of the engine welght W, in poundis (exclusive of
reactcr and working fluld) is as follows'

T.Lu‘-bine - L] - - L L] - - - L] - . L] . - - L ] L] L] L] L] L] - - L] L] - looo
Condenser core . « . . . e e 2 s o o s a e« o o« s & o = & 1LOOO
Propeller (500 mph, 30 000 ft) e e s s e s s e e = s s s e« s o 1360
Boller fo6d DUIP o« o ¢ o o ¢ o« o o = o 2 2 s o = « » s o o o « 200
Plping, valves, fittings, etc. s e s = e s v e e s s s e e« 400
Reducting gearing « o o ¢ o s o o o o o ¢ o o o s s o« s o« o o 1000
Ajr d—ucting - L ] -« L - L] L] - a L] L] L . L] - - . L L L] . L] L] a L3 200
Engine mountings®s o« ¢« ¢ ¢ ¢ 4 o o o ¢ o 2 s s e s 2 e e s e s 200
Conbtrols o o o o« « ¢ ¢ « o = o 5 ¢ o s« o o a s = s o s « o« & & 10O
Total welght o« o« ¢ o« ¢ ¢ o e ¢« o o o o « o« » ¢« s o o« =« o« o« o« « D460
The gross welght Wé of the alrplane in pounds was calculated

from the expression
Wg = 532 2 (np ey - Bpg - bPpac) (20)

'l..lzﬂ!:gggg -
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where
L/D 1ift-drag ratio of airplane without nacelles (assumed to be 18)

external drag power of nacelle, hp

8¢ 8

hPpac
Vo flight speed, fi/sec

The external drag power of the nscelle was calculated as follows:

%p 3
BPnac = 1750 g PO YO~ “nac (1)
where .

C, mnacelle drag coefficient (assumed to be 0.0657 at 500 mph and
30,000 £t)

po Gensity of ambient air, 1lb/cu ft

A, Dacelle frontal area, sq £t (assumed to be 1.05 X condenser
frontal erea)

The disposable load W3 avallable for nuclear reactor, working
fluid, and cargo was then

Wy =Wy = Wy - Wy (22) .

where
Wét structure weight, 1b (assumed to be 40 percent of gross weight)

Wé power-plant weight, 1b
The following semple calculations of the quantity wa/wg and
specific power-plant welghts are given for & flight speed of 500 miles
per hour and an altitude of 30,000 feet: The condenser frontal area

is 13 X 5 (65) square feet and the corresponding Met thrust power
(ﬂp hpy - hpg) from figure 6(c) is 688 X 5 (3440) horsepower for
5000 turbine horsepower.
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Apge = 1.05 X 65 = 68.25 8q ft

0.0657 3 _
B oo = TI06 353 X 0-02606 X 733° x 68.25 = 1300 hp
hp, - hp,, = 3440 -~ 1300 = 2140 hp

W_'= 18 x 2140 x 359 = 28,900 1b
g 753

Wgy = 0.4 X 28,900 = 11,560 1b

Wy = 28,900 - 11,560 - 5460 = 11,880 1b
Wa 11,880

— e eemdee - 0_41

Wg ~ 28,900

For the case with the condenser submerged in the wing (hp = 0},

Wy/W, 1s found to be 0.48. nac

Specific welghts of the power plant on the bases of (a) turbine
power, (b) net thrust power, and (c) net thrust power minus nacelle
dreg powexr ere:

(2) pounds per turbine harsepower = g—g%g = 1.09

b) pounds per net thrust horsepower = 5460 _ 1.59
3440

(c¢) pounds per net thrust horsepower minus necelle drag

horsepower = 5460 _ 2.55
2140

At a £light speed of 300 miles per hour and an altitude of
15,000 feet, the propeller weight 1is 1770 pounds and the corresponding
power-plant welght is 5870 pounds. The valmes of Wy/W, for these
flight conditions are 0,51 with the condenser in e na.ceile and 0.52
with the condenser sulmerged in the wing.

The specific welghts at 300 miles per hour =2nd 15,000 feet based

on bturbine power, net thrust power, and net thrust power minus nacelle
dreg power are 1l.17, 1l.74, and 1.97 pounds per horsepower, respectively.

by e
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Steam flow

W

Cool ing-air
flow

Dimensions of a |-square-foot section

Length {steam—flow direction), Iin. 12
width (no-flow direction), in. 12
Depth (coolling-air-flow direction}, ia. 8.75
Fins per In. i
Outside tube dimenslons, in. 1. 215 X 0.084
Tube rows {cooling—alr-flow directionl 6
Distance between tube center |ines (no-flow direction}, in. 0.406
Figure |. — Schematic diagram of condenser-core structure.
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Figure 3. — Variation of net thrust horsepower, condenser weight and
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Variation of net thrust horsepower, condenser

area with turbine-outlet pressure for three turbine~inlet pressures.
Flight speed, 500 miles per hour; altitude, 30,000 feet; turbine

power, 1000 horsepower; turbine and propeller efficiencies, 0.85;

saturated steam at turbine ocutlet.
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Figure 6. — Variation of net thrust horsepower and specific condenser
welght and frontal area with flight speed for various condenser weights
and frontal areas. Turbine-inlet pressure, 1400 pounds per square inch
absolute; turbine-outlet pressure, 100 pounds per square inch absolute;
turbine—intet temperature, 866° F; turbine power, 1000 horsepower;
turbine and propeller efficlencies, 0.85.
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Figure 6. — Continued. Variation of net thrust horsepower and specific
condenser weight and frontal area with flight speed for various con-
denser weights and frontal areas. Turbine-inlet pressure, 1400 pounds
per square inch absolute; turbine-outiet pressure, 100 pounds per
square inch absolute; turbine-inlet temperature 866° F; turbine power,
1000 horsepower; turbine and propeller efficiencies, 0.85.
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Figure 6. - Concluded. Variation of net thrust horsepower and speclific
condenser weight and frontal area with flight speed for varlous con-
denser weights and frontal areas. Turbine-inlet pressure, (400 pounds
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Figure 8. ~ Variation of net thrust horsepower and specific condenser
weight and frontal area with AP,/q for three condenser weights and
frontal areas. Turbine-inlet pressure, 1400 pounds per square inch
absolute; turbine-outlet pressure, |00 pounds per square inch abso-
lute; turbine~inlet temperature, 866° F; flight speed, 500 miles per
hour; altitude, 30,000 feet; turbine power, 1000 horsepower; turbine,
propeller, and fan efficiencies, 0.85.
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